Abscesses caused by aerobic bacteria (aerobic abscesses) can simulate intracranial glioblastomas multiforme (GBMs) in MR imaging appearance and single voxel (SV) proton MR spectroscopy of the central cavity. The purpose of our study was to determine whether MR spectroscopic imaging (SI) can be used to differentiate aerobic abscesses from GBMs. Our hypothesis was that metabolite levels of choline (Cho) are decreased in the ring-enhancing portion of abscesses compared with GBMs.
B
rain abscess can be a lethal condition if appropriate treatment is delayed. Thus, early diagnosis of brain abscess is desired and is a challenge for clinicians and radiologists. Radiologically, a brain abscess in the capsule stage appears in CT and in MR imaging as an expansile, rim-enhancing mass surrounded by edema, which is similar in appearance to necrotic malignant tumors, especially glioblastoma multiforme (GBM). 1, 2 Clinically, both brain abscesses and GBMs may cause nonspecific headaches in the absence of fever, focal neurologic deficits, epileptic seizures, and disturbances in higherlevel cortical function. In addition, laboratory examination often shows normal white blood cell count. 1, 2 Further reduction of mortality from brain abscesses requires more rapid, accurate, and safe diagnostic techniques. Application of diffusion-weighted imaging (DWI) in distinguishing between pyogenic brain abscesses and cystic or necrotic brain tumors has been reported to be useful in many publications. [3] [4] [5] [6] [7] [8] The cystic or necrotic portion of tumors almost always has a low signal intensity on DWI and a higher apparent diffusion coefficient (ADC) value; however, some exceptions have been reported for necrotic brain tumors. [7] [8] [9] [10] [11] [12] Hyperintensity with restricted diffusion is diagnostic, but not pathognomonic, for pyogenic abscess on DWI. However, exceptions of DWI studies and substantial variability in the ADCs have been reported for pyogenic abscesses. 8, [12] [13] [14] [15] [16] Single-voxel proton MR spectroscopy of the central cystic portion has been reported to allow the broad group of pyogenic abscesses to be distinguished from malignant gliomas. [17] [18] [19] [20] [21] [22] Acetate, succinate, and amino acids have been identified in cerebral abscesses in humans and were used as bacterial marker metabolites for noninvasive diagnosis by MR spectroscopy. [17] [18] [19] [20] [21] [22] Abscesses caused by anaerobic bacteria have been distinguished from those caused by aerobic bacteria based on metabolites detectable with MR spectroscopy (acetate and succinate). [21] [22] [23] However, spectral patterns recorded for the cystic or necrotic components of GBMs and abscesses caused by aerobic bacteria (aerobic abscesses) were similar by single-voxel MR spectroscopy. 18, 21, 24 Diagnosis based on such subjectively selected metabolites or metabolite ratios was not possible. 24 At pathologic examination, the enhancing rim of GBMs represents infiltrating tumor cells, 25, 26 and an increased Cho/Cr ratio was observed. Pathologically, the enhancing rim of a pyogenic abscess represents an inflammatory infiltrate composed of neutrophils and, later, macrophages and lymphocytes. Granulation tissue surrounds the area of inflammation and eventually develops into a fibrous capsule. This capsule, in turn, is surrounded by gliotic, edematous brain tissue. In the experimental setting, brain abscesses have been shown to have relatively high amounts of mature collagen and decreased neovascularity. 27, 28 The Cho/Cr ratio of rim-enhancing lesion of abscesses would be presumed to be less than that of GBMs.
Recent developments in MR spectroscopy have made it possible to obtain spectroscopic MR imaging with high spatial resolution and multiple spectra simultaneously from contiguous voxels. 29, 30 To date, proton MR spectroscopic imaging has not been used to differentiate aerobic abscesses from GBMs. We aimed to test the feasibility of MR spectroscopic imaging to distinguish between aerobic abscesses and GBMs by the evaluation of the contrast-enhancing rim of the lesions. Our hypothesis was that metabolite levels of Cho are decreased in the rim-enhancing portion of aerobic abscesses relative to the Cho seen in the rim-enhancing portion of necrotic GBMs.
Materials and Methods

Patients
In this retrospective study between January 2001 and December 2006, a total of 56 consecutive patients with pyogenic brain abscesses were examined with in vivo MR spectroscopy. Adapted selection criteria from Himmelreich et al 24 were as follows: 1) a heavy, pure growth of obligate or facultative aerobic bacteria was observed from pus obtained within 2 days of the MR examination; 2) patients had not received antibiotics for longer than 2 days at the time of the MR examination; and 3) abscesses were at least 2 cm in diameter to place the volume of interest (VOI) in the center of the abscess with minimal "contamination" from surrounding brain tissue by MR spectroscopy. Sixteen patients met the above selection criteria, and the spectrum of 1 patient was obtained in poor quality due to movement artifacts. Therefore, 15 patients with obligate or facultative aerobic bacteria brain abscesses were included in the study. For comparison, we selected 15 patients with GBMs (Ն2 cm in diameter) that had similar conventional MR imaging features, that is, perilesion contrast enhancement with gadolinium chelates. All of the GBMs were diagnosed by histopathologic examination after either stereotactic biopsy (in 3 patients) or surgical resection (in 2 patients). Approval for this study was obtained from our institutional review board, and informed consent was obtained from all of the patients.
Proton MR Spectroscopy Methods
Single Voxel Spectroscopy. All of the proton MR spectroscopy examinations were performed on a 1.5T scanner (Signa; GE Medical System, Milwaukee, Wis). The selection of voxel position in the estimated center of the lesion was determined visually by examining the MR images in 3 orthogonal planes (sagittal, coronal, and axial) to define a 1.5 ϫ 1.5 ϫ 1.5 ϫ 2 ϫ 2 ϫ 2 cm VOI. Single-voxel spectroscopy was applied by using the method of the point-resolved spectroscopy sequence (PRESS). After automated transmitter and receiver adjustment, the signal intensity over the VOI was shimmed to within a typical full width at a half maximum (FWHM) of 4 -8 Hz in all of the examinations. Optimal water resonance suppression was achieved by preirradiation of the water resonance with 3 chemical shift selective pulse sequences and spoiled gradient pulses. The parameters used were a TR of 1600 ms, TE of both 272 ms and 136 ms, 192 acquisitions, a spectral width of 2500 Hz, and 2048 data points in all of the patients. A TE of 136 ms was used to confirm the phase inversion associated with J-coupled metabolites of lactate (1.3 ppm) and cytosolic amino acids (0.9 ppm) but not of lipids, which may be helpful in discriminating lactate or amino acid signals from lipid signals. [17] [18] [19] [20] [21] [22] The acquisition time for each sequence was 5 minutes and 45 seconds. The MR spectroscopy data files were transferred to an off-line workstation for postprocessing by 2 experienced neuroradiologists independently by using FuncTool software (GE Medical Systems). Direct current correction, zero-filling to 4096 data points, 1.0-Hz exponential apodization, Fourier transformation, and zero-order phase were carried out for further peak assignment based on the literature.
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MR Spectroscopic Imaging. Spectroscopic imaging was conducted with a PRESS sequence. The following parameters were used: TR/TE, 1500/136 ms; acquisition, 2 averages; and acquisition time, 12 minutes 55 seconds. A typical VOI consists of an 80-ϫ 80-mm region placed within a 160-ϫ 160-mm FOV on a 10-to 15-mm transverse section. A 16 ϫ 16 phase-encoding matrix was used to obtain the 8 ϫ 8 array of spectra in the VOI with an in-plane resolution of 10 ϫ 10 mm and a voxel size of 1 ϫ 1 ϫ 1 cm or 1 ϫ 1 ϫ 1.5 cm, depending on the size of the lesion. The VOI was determined by contrast-enhanced axial T1-weighted as well as fluid-attenuated inversion recovery (FLAIR) images simultaneously to ensure that voxels were placed with certainty both over the contrast-enhancing area and contralateral normal-appearing brain tissue, which was defined as not displaying signal intensity alterations on FLAIR imaging. To avoid contamination from scalp fat, the VOI was completely enclosed within the brain and positioned at the center of the phase-encoded FOV. Automatic prescanning was performed twice before each spectroscopic scan to ensure adequate water suppression. The FWHM was kept under 10 Hz. The resonance peaks in the cavity, including lactate at 1.3 ppm, cytosolic amino acids (leucine, isoleucine, and valine) at 0.9 ppm, alanine at 1.50 ppm, acetate at 1.92 ppm, succinate at 2.4 ppm, and lipids (0.8 -1.3 ppm) were analyzed in all of the patients by both single-voxel MR spectroscopy and MR spectroscopic imaging.
Spectra were processed by 2 experienced neuroradiologists independently by using an off-line workstation with FuncTool software (GE Medical Systems). The signal intensity of various metabolite peaks was evaluated in every voxel by using the integral of each peak as a measure of its intensity. In the contrast-enhancing rim of each lesion, we estimated the peak areas of Cho compounds at 3.21 ppm, CR phosphocreatine at 3.04 ppm, and N-acetylaspartate (NAA) at 2.02 ppm. Lipid (Lip) and lactate (Lac), at intermediate TE (136 ms) were estimated by using the sum of the upright Lip peak around 0.9 -1.3 ppm and the absolute value of the inverted Lac peak at 1.3 ppm due to the J modulation as a Lac/Lip (LL) mixture. We also measured the peak areas of NAA, Cho, and Cr in the corresponding contralateral normal-appearing white matter (if the lesion was located in either the cerebral hemispheric white matter) or corresponding contralateral normal-appearing deep gray matter (if the lesion was located in the basal ganglion or thalamus) as Cho-n, Cr-n, and NAA-n in each patient. Thus, each patient served as his or her own control. We used 3 spectra to derive the mean values for Cho-n, Cr-n, and NAA-n, and normal ratios for Cho-n/Cr-n and Cho-n/NAA-n were obtained. Metabolite ratios in the multiple voxels of the contrast-enhancing rim of each lesion were calculated for Cho/Cr, Cho/NAA, LL/Cr-n, Cho/ Cho-n, Cr/Cr-n, and NAA/NAA-n ratios. The voxel number was dependent on the lesion size (2.5-5.5 cm in diameter) and ranged between 7 and 23. The maximum Cho/Cr, Cho/NAA, LL/Cr-n, Cho/ Cho-n ratios and minimum Cr/Cr-n and NAA/NAA-n ratios were used for comparison among the GBMs and abscesses.
Statistical Analysis
The data were summarized by using the mean and SD. A nonparametric test for nonnormalized paired data, a Wilcoxon signed-rank test, was used to compare the maximum Cho/Cr and Cho/NAA ratios in each region of the abscesses or GBMs with Cho-n/Cr-n and Chon/NAA-n of the contralateral normal-appearing brain. A nonparametric test for independent samples, a Wilcoxon rank sum test, was used to compare maximum Cho/Cr, Cho/NAA, LL/ Cr-n, and Cho/ Cho-n ratios and minimum Cr/Cr-n and NAA/NAA-n ratios between corresponding rim-enhancing regions of abscesses and GBMs (eg, to compare the maximum Cho/Cr ratio in the rim-enhancing region of abscesses with the maximum Cho/Cr ratio in the rim-enhancing region of GBMs). All of the statistical analyses were performed by using STATA software (version 9.2; Stata, College Station, Tex). A P value less than .05 was considered to indicate a significant difference.
Receiver operating characteristic (ROC) curve analysis was done to evaluate the performance of the maximum Cho/Cr, Cho/NAA, and Cho/Cho-n ratios in differentiating GBMs from aerobic abscesses by using the ROCKIT algorithm (available through the Internet from C. E. Metz, University of Chicago, http://xray.bsd.uchicago.edu/krl/ roc_soft.htm). The area under the ROC curve (A z ) was calculated to summarize the performance of each maximum Cho/Cr, Cho/NAA, and Cho/Cho-n ratio in the task of differentiation. We calculated sensitivity, specificity, positive predictive value (PPV), and negative predictive value (NPV) by using maximum Cho/Cr, Cho/NAA, and Cho/Cho-n ratios of the cutoff value obtained with minimum C1 error from the ROC analysis, where C1 ϭ 1 Ϫ (sensitivity ϩ specificity)/2. When any ratio of maximum Cho/Cho-n or maximum Cho/Cr or maximum Cho/NAA was larger than its cutoff value, we regarded it as a GBM. Afterward, diagnostic accuracy, sensitivity, specificity, PPV, and NPV, including 95% confidence interval (CI), were also calculated and compared.
Results
Fifteen patients had obligate or facultative aerobic bacteria (6 Pseudomonas aeruginosa, 3 Streptococcus intermedius, and 6
Staphylococcus aureus) brain abscesses, and these patients included 8 men and 7 women with an age range of 30 -80 years and a mean age of 61.8 years. Fifteen patients with GBMs included 7 men and 8 women with an age range of 43-79 years and a mean age of 62.2 years.
The predominant resonance lines NAA, Cho, and Cr that are usually observed in the parenchyma of the normal brain were hardly detectable in the central necrotic fluid of the abscesses and GBMs. In vivo proton MR spectroscopy single voxel spectra in 10 of 15 patients with a cystic or necrotic tumor showed only the peak attributed to lactate. Lactate and lipid were found in 5 patients with a tumor. Single-voxel spectra in 7 of 15 patients with aerobic abscesses showed lactate and cytosolic amino acids. Lactate and lipid were found in 8 patients with aerobic abscesses. No resonances arising from acetate and succinate were detected, in contrast to spectra from mixed anaerobic bacterial abscesses. MR spectroscopic imaging showed the above similar findings in the central cavity of the abscesses and GBMs compared with single-voxel MR spectroscopy.
MR spectroscopic imaging measured metabolite ratios of the contrast-enhancing rim of GBMs, and aerobic abscesses are summarized in Table 1 and Fig 1. Means of maximum Cho/Cr, Cho/NAA, LL/Cr-n, and Cho/Cho-n and minimum Cr/Cr-n and NAA/NAA-n ratios were 3.38 Ϯ 1.09, 3.88 Ϯ 2.13, 2.72 Ϯ 1.45, 1.98 Ϯ 0.53, 0.53 Ϯ 0.16, and 0.44 Ϯ 0.09, respectively, in the GBMs and 1.77 Ϯ 0.49, 1.48 Ϯ 0.51, 2.11 Ϯ 0.67, 0.81 Ϯ 0.21, 0.48 Ϯ 0.2, and 0.5 Ϯ 0.15, respectively, in the aerobic abscesses. Significant differences were found in the maximum Cho/Cr (P ϭ .001), Cho/NAA (P ϭ .006), and Cho/Cho-n ratios (P Ͻ .001) between abscesses and GBMs. No significant differences were found in the maximum LL/ Cr-n and minimum Cr/Cr-n and NAA/NAA-n ratios.
In GBMs, the maximum Cho/Cr and Cho/NAA were significantly elevated compared with contralateral normalappearing brain (P Ͻ .001). Spectra of the enhancing rim of GBMs typically show a decreased NAA level, an increased Cho/Cr ratio, and elevated Lac/Lip signals. The enhancing rim of GBMs revealed an increased level of Cho and decreased levels of Cr and NAA in comparison with the normal contralateral brain. One representative case that illustrates the diagnostic use of the MR spectroscopic imaging of the GBM is shown in Fig 2. A 67-year-old man complained of headache and presented with right hemiparesis. MR imaging showed a ring-enhanced mass lesion in the left thalamus region. DWI revealed hypointensity and increased ADC values in the range of 2.51-2.65 ϫ 10 Ϫ3 mm 2 /s in the cavity of the mass lesion. Single-voxel MR spectroscopy showed a Lac peak within the center of the lesion. MR spectroscopic imaging revealed a Lac peak in the center, increased Cho/Cr ratio (maximum, 2.43), and increased Cho/ Cho-n ratio (maximum, 2.54) in the rim-enhancing areas of the mass lesion compared with the corresponding contralateral normal-appearing brain region (Cho-n/Cr-n, Ϫ3 mm 2 /s in the cavity of the mass lesion. B and C, In vivo proton single-voxel spectra with a point-resolved spectroscopy sequence (1600/272 ms and 136 ms) from the VOI centered within the cystic mass lesion show a Lac peak at 1.3 ppm that is inverted at a TE of 136 ms. D, Axial contrast-enhanced T1-weighted MR image (500/30) shows a ring-enhanced lesion in left thalamus region and the area of the spectroscopy measurement (VOI) on MR spectroscopic imaging. Voxels corresponding with the center and enhancing rim of the lesion and corresponding contralateral normal-appearing deep gray matter are highlighted in the contrast-enhanced T1-weighted MR image. The spectra were acquired with TE ϭ 136 ms and nominal spatial resolution at 1 mL. E, The spectra from those voxels are shown in detail. The spectra show Lac peak in the center, increased Cho/Cr ratio (maximum, 2.43), and increased Cho/Cho-n ratio (maximum, 2.54) in the rim-enhancing areas of the mass lesion. The contralateral normal-appearing deep brain region does not show any spectral alterations.
1.09). Stereotactic biopsy was performed and histologic study demonstrated GBM.
In abscesses, the maximum Cho/Cr and Cho/NAA were significantly elevated compared with contralateral normal-appearing brain (P ϭ .001). Spectra of the enhancing rim of a pyogenic abscess typically show mildly increased Cho/Cr and Cho/NAA ratios and elevated Lac. The enhancing rim of abscesses showed a normal-to-mild decreased Cho level and decreased levels of Cr and NAA in comparison with normal contralateral brain. The Cho/Cr ratio is lower than that often seen in GBMs (P ϭ .001), though 2 tumors have a Cho/Cr ratio similar to abscesses. The Cho levels of rim-enhancing regions of abscesses were significantly lower than those of the rimenhancing GBMs (P Ͻ .001). One representative case that illustrates the diagnostic use of the MR spectroscopic imaging of the aerobic abscess is shown in Fig 3. A 65-year-old woman presented with left hemiparesis. She had no fever or inflammatory signs. MR imaging showed a ring-enhanced mass lesion in the right deep basal ganglion region. DWI revealed heterogeneous hyperintensity and reduced ADC values in the range of 0.48 -0.71 ϫ 10 Ϫ3 mm 2 /s in most of the cavity. Single-voxel MR spectroscopy showed Lac and Lip peaks within the center of the lesion. MR spectroscopic imaging revealed Lac and Lip peaks in the center, a mild increased Cho/Cr ratio (maximum, 1.82), and decreased Cho/Cho-n ratio (maximum, 0.85) in the rim-enhancing areas of the mass lesion compared with the corresponding contralateral normal-appearing brain region (Cho-n/Cr-n, 1.03). Stereotactic aspiration surgery revealed an abscess with a positive-culture of S aureus (facultative aerobe).
In the evaluation of the performance differences of maximum Cho/Cr, Cho/NAA, and Cho/Cho-n ratios in the differentiation between GBMs and aerobic abscesses by using ROC analysis, the corresponding ROC curves and the A z values for each metabolite ratio are shown in Fig 4. A z value area under the ROC curve is the highest (0.97) in the maximum Cho/ Cho-n ratio and lowest (0.86) in the maximum Cho/NAA ratio. Cutoff values with a minimum C1 error of maximum Cho/Cho-n, Cho/Cr, and Cho/NAA were 1.05, 2.31, and 1.65, respectively. Diagnostic accuracy, sensitivity, specificity, PPV, and NPV, including 95% CIs of maximum Cho/Cho-n, Cho/ Cr, and Cho/NAA ratios for differentiating GBMs from abscesses, are given in Table 2 . Diagnostic accuracy was higher by maximum Cho/Cho-n ratio than by maximum Cho/Cr and Cho/NAA ratios (93.3% versus 86.7% and 76.7%).
Discussion
It may be possible to differentiate anaerobic brain abscesses from other pyogenic (ie, aerobic or sterile) brain abscesses on the basis of metabolite patterns seen at in vivo proton MR spectroscopy. [21] [22] [23] [24] Typical features of MR spectra from anaerobic bacterial abscesses, such as succinate or acetate or increased amino acid resonances, were not detectable in Staphylococcal aureus (facultative aerobic bacteria) abscesses in rats or humans. 17, 18, [21] [22] [23] [24] Acetate, which is often referred to as a "marker" metabolite for in vivo diagnosis of bacterial abscesses at MR spectroscopy, [17] [18] [19] [20] [21] [22] was usually absent in aerobic bacteria abscesses. Thus, interpretation of in vivo MR spectra by resonance assignment could allow us to distinguish between abscesses due to aerobic bacteria and those where anaerobic bacteria are present. However, the cystic components of the spectra in GBMs and abscesses by aerobes microorganisms would be similar by demonstration of Lip and/or Lac. Although MR spectroscopic findings from pus of staphylococcal abscesses and central necrotic fluid of GBMs in an animal model were distinguished by statistical classification strategy with an accuracy of 99%, the results are not directly translatable to in vivo diagnosis in humans. 24 Evaluation of cystic and rim-enhancing parts of lesions and normal parenchyma is more advantageous with multivoxel techniques. Multivoxel spectroscopy, MR spectroscopic imaging, or chemical-shift imaging acquires spectroscopic information from a large VOI in a single measurement. MR spectroscopic imaging can be combined with conventional MR imaging, because spectral patterns and metabolite concentrations can be overlaid on gray-scale imaging to compare voxels containing normal parenchyma and voxels containing pathology and also to obtain distributional patterns of specific metabolites. 29, 30 The information provided can, as illustrated in Figs 2 and 3, be used for the differential diagnosis of rimenhancing GBMs versus aerobic abscesses.
Spectra of the enhancing rim of the pyogenic abscess typically show a decreased NAA level, a decreased Cr level, no change to a mild decreased Cho level (no change to mild decrease in Cho/Cho-n), a mild elevated Cho/Cr ratio, and elevated Lac/Lip, in general agreement with a few published reports. 17, 31 These visible small resonances of Cho, Cr, and NAA of the enhancing rim of the abscesses were interpreted to be caused by partial volume effects, a combination of the resonances representing the cystic components and surrounding contrast-enhancing tissue. NAA is reduced due to loss of intact neuronal cells, and Cr is particularly diminished because of general breakdown of energy metabolism.
Based on our observations, we presume that the mild increased Cho/Cr ratio in abscesses is secondary to a more pronounced reduction of Cr than of Cho but not because of an elevation of Cho. This finding underscores the value of directly comparing abnormal with normal metabolite levels. In addition, the measurement of Cho/Cho-n and Cr/Cr-n ratios may increase the specificity in characterizing mass lesions in the clinical setting when absolute quantification cannot be made relative to an external standard. The Cho/Cho-n ratio (relative signal intensity) is superior to the Cho/Cr ratio, because the absolute change in metabolites is a more sensitive indicator compared with the ''internal standard" of a mirrorimage healthy brain. Regional and individual variability in Cr concentrations is known, and relative signal intensity or absolute metabolite quantification may increase the sensitivity and specificity of MR spectroscopy. 32 Diagnostic accuracy was higher by Cho/Cho-n ratio than by Cho/Cr and Cho/NAA ratios in our study.
Signal intensities from the NAA and the Cr resonance lines are usually lower in the brain tumors than in the healthy brain tissue, 25, [33] [34] [35] whereas the Cho resonance line very often exhibits higher with respect to normal brain tissue, particularly at the tumor rim. 25, 33 In accordance with several other studies, 25 ,33-35 we observed increased Cho, decreased NAA and Cr resonances, and an increased Cho/Cho-n ratio as common features of contrast-enhancing parts of a primary high-grade tumor. Contrast-enhancing parts of nonneoplastic brain abscess, on the other hand, showed decreased NAA, Cr, and Cho resonances and a decreased Cho/Cho-n ratio. In proton MR spectroscopy, an elevation in Cho may be due to cell membrane synthesis, destruction, or both. Measurable levels of Cho vary considerably, depending on the cellular attenuation, tumor grade, and presence or absence of necrosis. 25, [33] [34] [35] Cho resonance is most prominent in regions with high neoplastic cellular attenuation and is progressively lower in moderate-and low-grade tumors. [33] [34] [35] Immunohistologic markers of proliferative activity in gliomas and Ki-67 labeling and MIB-1 labeling indices have a strong linear correlation with Cho levels. Semiquantitative Cho values may be reliable imaging indicators of proliferation in gliomas. 36, 37 Paradoxically, some GBMs contain less Cho than normal brain tissue (lower Cho/Cr and Cho/NAA ratios), an effect of dilution of absolute cellular attenuation by the presence of extensive necrosis. 33, 34 The finding of a single Lac peak and/or Lip peak in aerobic abscess and necrotic GBMs is nonspecific. It is not easy to differentiate lactate signals from lipid signals in clinical settings, and in many previous studies, Lac and Lip peaks were often combined and described as "Lac/Lip mixture." 34, 35 Lip signals are characteristic of high-grade tumors at short TE 33, 34 but are only observed in 41% of high-grade tumors at long TE 38 due to the much shorter T2 relaxation times of Lip compared with those of the main metabolites. 39 To some extent, Lip signals have been considered an annoyance, because they can obscure Lac and alanine; hence, long TE studies are sometimes preferred. No significant difference was found in the maximum LL/Cr-n between the abscess and GBMs in our study. The amino-acid signal intensity may be attributed to the presence of polynuclear leukocytes in the pus samples. [17] [18] [19] [20] [21] [22] The fact that the amino acid metabolites were not detected in the MR spectra from these 8 patients in our study may reflect the low concentration in the pus of the bacteria generating these end products and/or more Lip signals in the abscess cavity.
The sensitivity of DWI and MR spectroscopy for the differentiation of brain abscesses and nonbrain abscesses ranges from 0.72 to 0.96 and 0.86 to 0.96. 8, 15, 16 In general, cystic ringenhancing lesions with hyperintensity on DWI and low ADC values are highly suggestive of brain abscesses; hypointensity on DWI and high ADC values are highly suggestive of necrotic tumors. [3] [4] [5] [6] [7] However, exceptions of DWI studies of both pyogenic brain abscesses and necrotic tumors still exit. 7, [9] [10] [11] [12] [13] [14] [15] [16] Single-voxel proton MR spectroscopy is useful as an additional diagnostic technique to distinguish pyogenic brain abscesses from necrotic GBMs. [17] [18] [19] [20] [21] [22] However, aerobic abscesses can simulate intracranial GBMs in single-voxel MR spectroscopy, and MR spectroscopic imaging is useful in the differentiation as additional diagnostic assistance.
One of the challenges in spectroscopy, even with current automated techniques, is to obtain reliable and reproducible intrapatient and interpatient data. To ensure quality control in our data, measurements of Cho-n/Cr-n and Cho-n/NAA-n levels were also measured in the contralateral normal side as part of the MR spectroscopic imaging measurement. Despite possible regional variation in the metabolite ratios within the brain, it was reassuring to find that Cho-n/Cr-n and Cho-n/ NAA-n obtained in the GBMs and abscesses were almost identical. Cho-n/Cr-n and Cho-n/NAA-n levels were 1.01 and 0.74 for GBMs and 0.98 and 0.72 for abscesses (Table 1 ). This not only provides a means for ensuring that the MR spectroscopic data are reliable but also allows for further comparison between the abnormal data and normative data.
It is not always clear what criteria should be used to determine the optimal cutoff values in differentiating GBMs from aerobic abscesses. To obtain potentially useful cutoff values of maximum Cho/Cr, Cho/NAA, and Cho/Cho-n ratios in differentiating GBMs from aerobic abscesses, we chose to minimize the C1 error, which maximizes the average of the observed sensitivity and specificity from the ROC analysis. The sensitivities of maximum Cho/Cho-n (93.3%), Cho/Cr (86.7%), and Cho/NAA (86.7%) ratios in the present study indicate that the metabolite ratios are useful for differentiating between GBMs and aerobic abscesses ( Table 2) .
This study has several limitations. Because single-voxel MR spectroscopy is limited in voxel size from 1.5 ϫ 1.5 ϫ 1.5 ϫ 2 ϫ 2 ϫ 2 cm, and MR spectroscopic imaging is also limited in voxel size of 1 ϫ 1 ϫ 1 cm, we could not collect meaningful spectra in smaller lesions. In addition, partial volume averaging occurs because some contamination of adjacent perilesional brain tissues or some contamination of the cystic or necrotic portion of GBM and abscess cannot be avoided. In addition, other compounds in abscesses, such as amino acids, and alanine in particular, may affect the spectrum of Lac and Lip. In addition, we used intermediate-and long-TE spectroscopy, because it has been observed that the metabolites in brain abscesses have intermediate-to-long T2 values and are well assigned at TEs of both 272 ms and 136 ms [20] [21] [22] ; hence, T2 losses or signal intensity cancellation may mask the Lip signal intensity. The use of short-TE spectroscopy allows for more reliable quantitative determination of Lac, Lip, and macromolecules as markers for hypoxia and necrosis. However, long-echo Cho/Cr provides better discrimination between low-grade astrocytoma and the higher grades than does the short-echo Cho/Cr ratio. 34 Last, we focused the study on the common ring-enhancing lesions of GBMs and pyogenic aerobic abscesses. There are other differential diagnostic possibilities of ring-enhancing lesions, such as metastasis, resolving hematoma, and nonpyogenic tubercular and fungal abscesses. Law et al 25 reported that perfusion-weighted and MR spectroscopic imaging may enable distinction between GBMs and metastases. Luthra et al 40 reported that it may be possible to differentiate among the pyogenic, tubercular, and fungal abscesses based on the morphologic, ADC, and metabolite information.
Conclusion
In conclusion, aerobic abscesses can be differentiated from GBMs by the absence of an elevated Cho peak in the rimenhancing wall with statistically significant differences compared with normal brain parenchyma. Significant differences were found in the Cho/Cr, Cho/NAA, and Cho/Cho-n ratios in the contrast-enhancing rim between abscess and GBMs. Diagnostic accuracy was mildly higher by Cho/Cho-n ratio than by Cho/Cr and Cho/NAA ratios. An early and correct diagnosis of aerobic abscesses by in vivo MR spectroscopic imaging as a noninvasive method will reduce the high morbidity and mortality rates that occur when diagnosis is delayed.
